Theory of Spin Orientation of Semiconductor Carriers at a Ferromagnetic Interface 
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A quantum theory of the spin-dependent scattering of semiconductor electrons by a Schottky bar- 
rier at an interface with a ferromagnet is presented. The reflection of unpolarized non-equilibrium 
carriers produces spontaneous spin-polarization in the semiconductor. If a net spin-polarization 
pre-exists in the semiconductor, the combination of the ferromagnet magnetization and the incident 
carrier polarization combine to tilt the reflected polarization in the semiconductor. The spin re- 
flection properties are investigated as functions of the system characteristics: the Schottky barrier 
height, semiconductor doping and applied bias. The effect on reflection due to the variation of the 
barrier width with electron energy is contrasted for two means of excitation: optical or electrical. 
Optically excited electrons have a wider energy spread than the near-equilibrium excitation from 
non-magnetic ohmic contacts. 
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I. INTRODUCTION 

Semiconductor spintronical is a new field in which the 
manipulation of carrier spins is a central issue. The first 
device proposal in this field was by Datta and Das,^ 
which consisted of (1) spin injection from a ferromag- 
net source contact into a semiconductor two-dimensional 
electron gas (2DEG), (2) manipulation of the spin with 
a gate bias through the Rashba spin-orbit effect and 
(3) measurement of the spin with a ferromagnetic drain 
contact. Progress has recently been made both in spin 
injection''-^-®-^ '* and in control via the Rashba effect^ but 
it appears that there are difficulties in practical imple- 
mentation of this kind of device. The demand of suf- 
ficiently strong spin-orbit interaction requires a narrow 
gap semiconductor. More basically, the spin-orbit inter- 
action driven by the electric field normal to the plane of 
the electron gas polarizes the electron spin in the plane 
normal to its wave vector. To reduce spin-cancellation ef- 
fects among different wave- vectors^ a one-dimensional 
channel was suggested^ In this paper, we describe in 
theory a different approach to generate and control spin 
polarization in semiconductors which is based on the 
spin-dependent properties of thin semiconductor layers 
in close proximity to a ferromagnet. 

Time-resolved Faraday rotation experiments over the 
last decade have given much insight into electron spin 
dynamics in semiconductors.^^ In particular, it has 
been shown that in lightly doped semiconductors the 
electron spin coherence can persist for hundreds of 
nanoseconds a packet of spin-coherent electrons can be 
dragged microns using an electrical bias^^ and can main- 
tain their coherence through an interface between two 
semiconductors^ and electron spin coherence can pro- 
duce large nuclear effectsi^ in the semiconductor through 
the hyperfine interactioniS. Recent pump-probe exper- 
iments have been performed on n-doped semiconduc- 
tor epilayers in contact with a ferromagnet, demon- 
strating that the proximity of the ferromagnet can in- 
duce large nuclear fields^^ and spontaneous electron spin 
polarizatiorki^ in the semiconductor. In a recent letter 
we gave a theory of spin-dependent reflection at the 



semiconductor-ferromagnet Schottky barrier as an expla- 
nation of the origin of the spin polarization. In this long 
paper, we provide a detailed treatment of the spin reflec- 
tion. We also include calculated results of applying elec- 
tric bias between the semiconductor and the ferromag- 
net, stimulated by an ongoing experiment under bias^ 
We also investigate the different spin reflection properties 
resulting from optical pumping and from electrical exci- 
tation of non-equilibrium carriers in the semiconductor. 

The paper is organized as follows. Section ^1 gives 
a description of the physics of semiconductor electron 
spin polarization upon reflection at a semiconductor- 
ferromagnet interface. In Section [llll we present the gen- 
eral scattering theory. In Sect ion Hvl we apply the theory 
to the case of Schottky junction, showing the role of the 
Schottky barrier, semiconductor doping and applied bias. 
Moreover, we compare the case of optical excitation to 
that of electrical excitation. Conclusions are drawn in 
Section El 



II. SPIN REFLECTION OFF A 
FERROMAGNET 

The generation of spin polarization by scattering of 
spin particles against a spin-polarized target has a 
long historyi^ We consider the situation where a non- 
equilibrium distribution of carriers is injected in the semi- 
conductor (either electrically or optically) and determine 
the transient spin-dependent reflection dynamics. The 
semiconductor is assumed to be n-doped to ensure a 
reasonably thin Schottky barrier (for sizeable quantum- 
mechanical coupling between the semiconductor and the 
ferromagnet) and reduced spin relaxation. Thus, an ini- 
tially spin-compensated group of excited electrons will 
be reflected by the ferromagnetic interface with a net 
spin polarization. Since the momentum relaxation of the 
non-equilibrium carriers is much faster than their spin 
relaxation, the Fermi sea in the semiconductor conduc- 
tion band is left with a spin polarization. In this way, the 
spin reflection produces a ferromagnetic "imprinting" of 
the semiconductor electrons. More generally, if the non- 
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equilibrium electrons have a pre-existing spin polariza- 
tion, the ferromagnetic imprinting manifests itself as a 
tilting of the original polarization vector. Thus, the spin 
reflection not only generates a spin polarization, but can 
also rotate a pre-existing ensemble spin. 

In the case of optical excitation one should also con- 
sider the spin dynamics of the excited holes in the valence 
band. However, we will neglect any spin effects from 
the valence band holes. The holes can gain polarization 
from the reflection at the interface exactly as the conduc- 
tion electrons, but the corresponding spin polarization is 
known to decay very fast due to valence band-mixing.^^ 
In particular the hole spin relaxation time is much shorter 
than the optical electron-hole recombination time. In the 
case of optical excitation, a moderate electron doping is 
essential to provide very long spin lifetimesiSi, because the 
Fermi sea acts as a spin reservoir. The holes will recom- 
bine with electrons from the Fermi sea and thus remove 
a strong source of electron relaxation via exchange with 
the holesiS^ 



III. THEORY OF SPIN-DEPENDENT 
REFLECTION 

To capture the essential physics of the problem we 
work with a simplified effective mass Hamiltonian in both 
the semiconductor and the ferromagnet.^^ The effective 
mass approximation, though suitable for semiconductor 
heterostructures, can not possibly account for all band 
properties of the ferromagnetic metaliS^ We shall investi- 
gate one improvement of the wave function matching be- 
tween the dissimilar metal and semiconductor media. 
The general results we present should remain valid with 
more realistic calculations. 

The Hamiltonian of the metal/semiconductor junction 
is given by 
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wher the z-axis is along the growth direction. The first 
term is the kinetic energy, where m*(z) is the effective 
mass which is different for each region. The second term 
represents the spin-independent part of the potential en- 
ergy. In the semiconductor region (z < 0), the potential 
U{z) produces the band-bending due to the space charge 
layer associated with the Schottky barrier. U{z) can be 
tailored by proper heterostructure engineering (for exam- 
ple by inserting a delta-doped layer at the interface) or 
by applying in situ an electrostatic bias. As we will show 
in detail in Section IIVI the profile of U{z) can drasti- 
cally modify the spin-dependent coupling between semi- 
conductor and ferromagnet. The second line of Eq. 
contains the spin-dependent part of the Hamiltonian, the 
exchange interaction operator in the ferromagnet (z > 0) 



and the Zeeman energy in the semiconductor (z < 0). 
A is the exchange splitting energy between the major- 
ity and minority spin bands in the ferromagnet and M 
is the unit vector along the direction of the ferromag- 
net magnetization. In the Zeeman term, g* is the ef- 
fective electron g- factor {g* = —0.44 for GaAs), /iB is 
the Bohr magneton, and the magnetic field Btot is the 
sum of the external field and the induced nuclear field, 
Btot = B-)-Bn. The Zeeman splitting has a negligible ef- 
fect on the spin polarization because it is typically several 
orders of magnitude smaller than the exchange splitting 
in the ferromagnet and the Schottky barrier height. How- 
ever, a weak magnetic field is useful as a probe of the fer- 
romagnetic imprinting, because it induces a Larmor pre- 
cession of the reflection-induced spin polarization which 
can be detected, for example, by time-resolved Faraday 
rotatioui-^^ The origin of the nuclear field Bn is the hyper- 
fine coupling between the electron and the nuclear spins. 
If the electron polarization has a component along the 
external magnetic field vector, the electron polarization 
is known to induce dynamically a nuclear spin polariza- 
tion through the Overhauser effect pii The dynamically 
polarized nuclei produce an effective magnetic field that 
acts back on the electrons 
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Depending on the orientation of the electron spin polar- 
ization vector S relative to B, the nuclei can align either 
along or against the external applied field. Bq is a phe- 
nomenological parameter to account for the fact that at 
low applied field the nuclei are unable to align with the 
applied field due to nuclear spin-spin interactions which 
tend to destroy the dynamic nuclear polarization. 

We denote a majority spin in the ferromagnet as |-|-) 
and a minority spin in the ferromagnet as |— ), which are 
eigenstates of the exchange splitting operator, <t-M|±) — 
=F|±) (the magnetization is antiparallel to the net elec- 
tron spin). In the following, we will work explicitly in 
this basis. In general, the refiection of semiconductor 
electrons at the ferromagnetic interface is represented by 
the reflection matrix f(k), which, in the ferromagnet spin 
basis, is 











(3) 



where r^. k is the reflection coefficient for a semiconductor 
electron with its spin aligned with the majority spin band 
in the ferromagnet and r_^k likewise with the minority 
spin band. This can be expressed in the vectorial form 



m 



(r-,k + r+,k)l + (r-,k-r+,k)M-cr , (4) 



where 1 is the unit matrix. 

Suppose that a short excitation pulse injects non- 
equilibrium electrons into the semiconductor. This per- 
turbation can be applied either by a short optical pump 
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(a) Optical Excitation 
FM 

Semiconductor 
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(b) Electrical excitation 
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FIG. 1: The excitation of non-equilibrium electrons into a 
semiconductor. In (a), a short laser pulse with energy at or 
above the bandgap of the semiconductor creates a distribution 
of electrons related to the laser spectrum. In (b), a source con- 
tact or an STM tip can inject electrons at or above the Fermi 
level in the semiconductor. In both cases the non-equilibrium 
electrons can reflect off the interface with a ferromagnet. 



pulse or electrically through lateral contacts or an STM 
tip (see Fig. QJ. Initially, the non-equihbrium electron 
spin density matrix has the form 



1 



p'(k,t = 0) = -/'(fc)(l+P'.<T), 



(5) 



with /'(fc) the distribution of injected electrons (for opti- 
cal excitation it depends on the laser spectrum). The 
initial polarization is determined by the perturbation. 
Optically, the polarization is determined by the usual 
selection rules, namely P' = for linearly polarized light 
and P' 7^ for elliptically polarized light. In the case 
of electrical excitation, an initial polarization can be cre- 
ated through injection from magnetic contacts through 
ordinary spin injection. Upon striking the interface, the 
non-equilibrium electrons will reflect and transmit, and, 
to fully account for the polarization in the semiconduc- 
tor, we must calculate the effect of this reflection on the 
spin density matrix: 



p'-(k,t) - f(k)p'(k,<)ft(k) 

= f(fc,t)i[i?o(k)l + R(k).^], 
where, with the k-dependence understood. 



(6) 
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Kr) + (k-i -k+r)M.p'], (7) 



R = -[(|r-p-|r+n + (|r_p + |r+nM.P']M 

+ Rc(r_r;) (M X P') X M - Im(r_r+) M x P' . 

(8) 

In general the polarization after reflection R(k) is dif- 
ferent from the original polarization P' of the excited 
electrons in the semiconductor. 

Since the electron distribution is not in equilib- 
rium, the relaxation of the spin density matrix will 
be dominated by the relaxation of the hot carrier 
distribution,/' (fc, t) = /'(fc)ea;p(— t/rfc). This relaxation 



is spin-independent because it occurs on a much faster 
time scale than the spin-relaxation time. Thus, the 
reflection-induced spin-polarization will leave a spin ex- 
citation in the semiconductor electron sea. In order to 
quantitatively determine the effect, we need to calculate 
the current flow into the ferromagnet during the non- 
equilibrium transient, 



(9) 

where Vz = hkz/rn*^ > is the velocity component nor- 
mal to the interface. This current flow will be spin- 
dependent, so that the net spin in the semiconductor 
from the reflection will be the negative of the spin trans- 
mitted into the ferromagnet. 



dt \j\t)+f{t)] 
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f{k) [R(k) - P'] TkVz . (10) 



This is the spin density per unit area, so that the to- 
tal spin density per unit area in the semiconductor after 
reflection is 



S = n' - P'L 
2 



(11) 



where n' = J ^^^^^ /'(fc) is the volume density of pumped 
electrons and L is the semiconductor length perpendicu- 
lar to the interface. As shown in Eq. UlUfl . the contribu- 
tion to the imprinted spin from each wavevector channel 
is proportional to the mean- free path TkVz- Only the frac- 
tion of non-equilibrium electrons within a mean- free path 
of the interface participate in the spin-dependent reflec- 
tion. This implies that for increasing sample length L, 
the imprinted spin density per unit volume decreases as 
1/L. In the opposite limit, with the semiconductor length 
L shorter than the mean-free path, the situation is differ- 
ent because multiple reflections occur and the electrons 
are quantum conflned. This was the impetus behind a re- 
cent proposal for a spin valve with ferromagnetic gates^ 
and will be addressed in a future publication. 

After the non-equilibrium transient, the imprinted spin 
of the semiconductor electron sea will decay with the 
long spin relaxation time. A weak magnetic field induces 
a Larmor precession which is useful for measuring the 
imprinted spin. The evolution of the spin in the semi- 
conductor is governed by the Bloch equation 



dS 



9 m 



Btot X S(t) 



m 



(12) 



The component of S orthogonal to the applied field B 
can be extracted from the amplitude of the Larmor pre- 
cession. In addition, by measuring the effective Larmor 
frequency it is possible to extract the nuclear field Bn 
(which is proportional to the component of S along the 
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magnetic field) . There are three basic vectors in the prob- 
lem that determine the Faraday rotation: the external 
field B, the ferromagnet magnetization M, and the in- 
jected pump polarization P'. Our theory can be tested 
by systematically changing the relative orientations of 
these vectors. We now discuss separately the cases of 
unpolarized and polarized excitation. 



A. Unpolarized Excitation 

The excited electron population is unpolarized, P' = 0, 
when the non-equilibrium electrons are injected by a lin- 
early polarized laser or a non-magnetic electrical contact. 
Although initially unpolarized, the non-equilibrium elec- 
trons will be polarized by the reflection process. This can 
be understood in simple terms. Since the majority and 
minority spin electrons have different wavevectors in the 
ferromagnet (i.e., the two spin bands are exchange split), 
the reflection coefficients will in general be different for 
the two spin channels. This will leave a net spontaneous 
polarization in the semiconductor. 

The polarization process by spin-reflection for unpo- 
larized excitation from a pump beam is shown in Fig. [3 
using a simplified model of a parabolic conduction band 
and a single parabolic valence band, (a) The semicon- 
ductor is lightly n-doped to maximize the spin lifetime, 
so there is an unpolarized background Fermi sea of elec- 
trons, (b) A linearly polarized pump beam excites spin- 
compensated non-equilibrium electrons and holes. The 
electrons reflect off the interface. The different reflection 
coefficients of the two spin channels create a net spin 
polarization in the semiconductor. The holes undergo a 
similar process, but the spin-orbit coupling rapidly re- 
laxes any polarization in the valence band, (c) Energy 
and momentum relaxation then drives the electrons and 
holes to the lowest available states, with a net spin po- 
larization remaining in the conduction band, (d) After 
the electron-hole recombination time, all excess holes are 
gone, and a net polarization is left in the Fermi sea of 
the conduction band, (e) After the long spin-relaxation 
time, the electron Fermi sea relaxes back to its original 
unpolarized state. 

The spin in the semiconductor after reflection will be 

T) f (V'^k 

and hence is determined by the difference in the spin- 
dependent reflectivities. The spin asymmetry is quan- 
tum mechanical in origin, so the sign of the polarization 
can be positive or negative. The coupling between the 
ferromagnet and semiconductor is more efficient for ei- 
ther the majority or minority electrons depending on the 
electronic structure of the ferromagnet and the form of 
the interface potential in the semiconductor. The spon- 
taneous spin polarization is thus either parallel or an- 
tiparallel to the ferromagnet magnetization M. 



Our theory offers a possible explanation of the find- 
ings of the recent time-resolved Faraday experiments by 
Epstein et al.i^ After pumping non-equilibrium unpo- 
larized electrons in the semiconductor, the experiment 
found that the system quickly acquired (in tens of pi- 
coseconds, consistent with the orbital relaxation time) a 
spontaneous spin polarization which then decayed with 
the long spin relaxation time (nanoseconds). The im- 
printed spin S"^ was aligned along M by varying the an- 
gle between the applied fleld B and the magnetization 
M. Interestingly, different ferromagnetic materials gave 
different signs of the spin polarization relative to M. 



B. Polarized Excitation 

When the electrons are pumped with a net polariza- 
tion P' 7^ 0, the reflected spin does not align with M or 
P'. There is an extra component which is perpendicular 
both to M and P', i.e., the reflection off the ferromagnet 
produces a spin-torque. The geometry of the process is 
depicted in Fig. El^a). The amplitude of the extra compo- 
nent is proportional to Im(r_r^), implying that the spin 
torque is due to the different reflection phase-shift for 
minority and majority spin channels. A pre-existing spin 
polarization vector can be manipulated using this prop- 
erty of the reflection process, as is shown schematically 
in Fig. Hb). 

In principle, this kind of effect can be detected through 
time-resolved Faraday rotation experiments with circu- 
larly polarized light. Tilting of the optically injected 
polarization vector due to reflection would appear as a 
phase-shift in the Larmor precession. The spin torque 
term, which is aligned along M x P', would change sign 
if the magnetization were switched, M — > — M, resulting 
in a jump in the phase of the Larmor precession. Exper- 
imental studies of this phase shift have been observed. 
However, a systematic study as a function of the relative 
geometric orientation of optically-injected polarization, 
ferromagnet magnetization and magnetic field are neces- 
sary to fully test our theoretical predictions. 

The spin torque term we describe is analogous to an 
effect predicted by Slonczewskip22, and recently demon- 
strated in all-metallic systemsi^ A spin-polarized current 
injected into a ferromagnet can tilt the magnetization of 
the ferromagnet, provided that (1) the ferromagnet mag- 
netization and the polarization of the current are not 
coUinear, and (2) the spin-polarized current injected into 
the ferromagnet is quite large. However, in the system 
that we consider, the density of carriers in the semicon- 
ductor in so small compared to the density of carriers in 
the ferromagnet that the tilting of the ferromagnet mag- 
netization is negligible. Instead we find complementary 
behavior in which the ferromagnet magnetization tilts 
the polarization of the current. 



FIG. 2: The polarization process by spin-reflection for unpolarized excitation by a pump beam. Explanation is in the text. 



(a) Geometry of 
reflection 
process 



(b) Tilting of Initial polarization upon reflection 




(a) Band diagram 
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polarized electrons 
before reflection 



polarization tilted 
after reflection 



FIG. 3: (a) The geometry of the reflection process for po- 
larized excitation. In general, the reflected polarization has 
components along all three spatial directions, (b) A net spin 
polarization present before reflection will be tilted upon the 
interaction at the interface. 



IV. RESULTS FOR A SCHOTTKY BARRIER 

In this section we investigate in detail the spin reflec- 
tion at the Schottky barrier between a homogeneously 
n-doped semiconductor and a ferromagnetic metal. We 
define the zero of the potential energy at the Fermi level 
in the metal. Within the depletion layer approximation, 
the potential energy in the semiconductor space-charge 
region (— Zb < z < 0) is given by 



U{x) = V- El' + {Ub + -Bf -V)[l + 



(14) 



where V is the applied bias, E^'^ is the Fermi kinetic en- 
ergy in the semiconductor, Uh is the Schottky barrier 
height, and Zh = \/ eoUh / {^nne^) is the depletion width. 
For high bias V > + E^"^, the semiconductor is con- 
sidered at flat band. The depiction approximation could 
be replaced with a more realistic model, such as one con- 
structed using the coupled Poisson and Thomas-Fermi 
equations, but we have explicitly calculated and verified 
that the deviation from the depletion approximation is 
negligible. 

In Ref . ll9| we gave an analytical approximation for the 
spin-dependent reflection using an effective rectangular 
barrier. In this paper, we show the exact numerical 
results for the realistic Schottky potential in Eq. (|14|l . 
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FIG. 4: Reflection from the Schottky junction in equilibrium, 
(a) The band diagram for the calculation. The electrons are 
incident from the Fermi level in the semiconductor, (b) Con- 
tours of the spin reflection asymmetry |r_ f — |r+ p as a func- 
tion of the semiconductor doping n and the Schottky barrier 
height Uh- This quantity changes sign at the white dashed 
line, (c) The component of reflected polarization orthogonal 
to both M and P', which is always positive. 



We also present results for the optical excitation of non- 
equilibrium electrons, in which pumping takes place in 
the barrier region, and contrast them with the results for 
excitation at the Fermi level (electrical injection). These 
are of interest since both transport and optical experi- 
ments have been performed on Schottky barriers in which 
spin reflection plays a role. 



A. Unbiased Schottky barrier 

Under no applied bias, V — 0, the semiconductor and 
the fcrromagnet are in equilibrium, so that the Fermi 
levels in the two systems are equal. We consider the 
spin-dependent reflection of electrons which are incident 
on the Schottky barrier from the semiconductor side with 
the Fermi kinetic energy £'f = n'^{3Tr'^n)'^/^ /{2m*J. The 
spin-dependence of the reflection coefficient arises from 
the spin-dependent Fermi velocities in the ferromagnet, 

,fm ' 



which are, in the two-band model. 
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and u*™ = \J2{E\™ — /S.)/m^^^^ for the majority and mi- 
nority spin, respectively. £^f™ and m^,^ are the Fermi 
energy and effective mass in the ferromagnet. 

The numerical results for the reflection coefficients 
have been obtained through a finite-difference solution of 
the Schrodinger equation. ■^^ The input parameters for the 
semiconductor are those of bulk GaAs {ra*^ — 0.07 mo, 
e — 12.9). For the ferromagnet, we use the values 
,71*^^ = 1, E''^ = 2.5 eV, A = 1.9 eV). We show the 
results for the spin reflection difference \r-\'^ — jr+p and 
the spin torque amplitude Im(r* r_|_) as functions of the 
semiconductor doping n and Schottky barrier height 
are shown in Fig. 01 

Fig-EIb) shows the spin difference — |r_|_p, which 
is the spin polarization generated by reflection, directed 
along the ferromagnet magnetization, M. Both the 
Schottky barrier height and the semiconductor doping 
have significant impact on this generated spin polariza- 
tion. Variation of either property within experimentally 
accessible values can cause a change of direction of the 
spin polarization (indicated by the white-dashed line). 
The numerical results for the realistic Schottky potential 
show that our approximated solutions with an effective 
rectangular barrier in Ref.^^are very close. The shape of 
the contours are identical and only minor discrepancies 
are present. Note that, even in the absence of a bar- 
rier, the velocity mismatch at the interface leads to spin- 
dependent reflection. At low doping n < lO^^cm"'^, the 
semiconductor velocity is better matched to the minority 
spin band velocity, but at high doping n > lO'^^cm"'^, the 
semiconductor velocity is better matched to the major- 
ity spin band velocity (since the Fermi energy for minor- 
ity spins is smaller than the Fermi energy for majority 
spins) . This is the reason for a change of sign in the spin 
difference as a function of doping. This argument may 
be extended to interfaces with small Schottky barriers, 
but for large Schottky barriers tunneling plays a domi- 
nant role. Fig. Efb) shows the sign change of the spin 
difference when the barrier height is larger than about 
0.1 eV that joins smoothly with the change of sign from 
the low-barrier region. For large Schottky barriers, the 
large wave- vector in the barrier region better matches the 
majority spin band velocity, inducing the change of sign. 

Figure Efc) shows the spin torque term for polarized 
incident electrons. This is the reflected polarization com- 
ponent orthogonal to both the ferromagnet magnetiza- 
tion M and the electron polarization P'. We find that 
this term always has the same sign and is analogous to 
the Kramers-Kronig partner of the spin difference shown 
in Fig.Efb). 

In the effective mass model used above for both the 
metal and the semiconductor, we match the wave func- 
tion and its derivative with the only accommodation 
of the effect the different crystals being the effective 
masses(V''/"i* is continuous). We have investigated the 
effect of the semiconductor band structure effect in the 
limit of small gap with the boundary condition^^ which 
modifies the envelope wave function slope on the semi- 
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FIG. 5: A comparison of the spin reflection asymmetry us- 
ing the effective mass boundary condition and the Einevoll- 
Sham^® boundary condition. The semiconductor density is 
fixed at n = 10^^ cm"^. 

conductor side by a factor of a half, 

SC 

"^fm V'fm ' 

We have found that the spin property dependence on 
the barrier height and doping density qualitatively un- 
changed (see Fig. 01. 

Our theory implies that the reflected spin polarization 
is very dependent on the band profile in the semiconduc- 
tor. The Schottky barrier height Uh and barrier width as 
measured by the semiconductor doping n have a large im- 
pact on both the sign and magnitude of the polarization. 
Both effects can be used to tailor the Schottky barrier 
to achieve the desired spin polarization through different 
ferromagnetic materials and different doping concentra- 
tions. Our results also show that spin polarization gener- 
ation through the transmission or reflection of a barrier is 
a quantum mechanical phenomenon. As is evident from 
our plot, the reflection can not simply be modelled as 
depending on the ferromagnetic density of states, or as a 
spin-dependent resistance that is insensitive to the exact 
properties of the barrier. 

B. The effect of an applied bias 

Now we examine the effect of applying a bias across 
the Schottky barrier. We assume that applying a positive 
bias V > raises the semiconductor Fermi level above 
the ferromagnet Fermi level by an amount V, i.e., the en- 
tire voltage drop is across the barrier; the semiconductor 
bulk and the ferromagnet bulk are assumed to be flat. 
The bias may be viewed approximately as just changing 
the Schottky barrier height, so that for negative bias the 
Schottky barrier is larger by V and for positive bias the 
Schottky barrier is smaller by V. For V > (Uh + Ef^), the 
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FIG. 6: Reflection from tlie biased Scliottky barrier, (a) Tfie 
band diagram. For negative bias, tlie semiconductor Fermi 
level is below the ferromagnet Fermi level. For V > (Uh + Ef^) 
the semiconductor is in flat band condition and the electrons 
see no barrier. The Schottky barrier height is flxed at Uh ~ 
0.7 eV. (b) The spin reflection asymmetry as a function of 
semiconductor doping n and applied bias V. The change of 
sign is indicated by the dashed white line, and its horizontal 
segment is near the Schottky barrier height. 



barrier disappears and the entire semiconductor region is 
a flat band. Moreover, since the tunnelling is a ballistic 
process, the bias implies that the transmission into the 
ferromagnet is not at the Fermi level in the ferromagnet. 
Thus the applied bias changes the majority and minority 
velocities and hence the matching of the semiconductor 
electrons (at the Fermi level in the semiconductor Ef"^). 
In this calculation we choose the Schottky barrier height 
to be Uh = 0.7 eV, the value of Fe/GaAs. 

In Fig. El we plot the spin reflection difference — 
7'+P for unpolarized excitation. At = 0, this corre- 
sponds to a slice out of Fig. 0] at the Schottky barrier 
height Uh — 0.7 eV. As the figure shows, changing the 
bias makes a change of sign in the spin reflection differ- 
ence in a similar way to the change of sign as a function 
of Schottky barrier height in Fig. EJb) . For negative bias 
V < 0, the Schottky barrier increases in both height 
and width. The net effect is that the reflection coeffi- 
cients for both spin channels are very nearly unity, so 
that the difference between them is negligible. The sign 
of the polarization is the same as the sign at zero bias, 
but the spin difference goes asymptotically to zero. The 
sign of the polarization changes abruptly for positive bias 
around V ~ .5 eV, then rises rapidly to its maximum 
value. This is because the bias makes the Schottky bar- 
rier smaller until it disappears completely; the potential 
becomes a step and the velocity mismatch becomes the 
important factor. Hence, the high positive bias regime 
is similar to the low barrier regime in Fig. EJb). As the 
bias increases further, the reflection difference decreases, 
due to the concomitant increase in electron energy in the 
ferromagnet, so that the exchange splitting A becomes 
less effective. 

These results suggest that a bias could be used to con- 
trol the sign and magnitude of the spin polarization. 




Doping (cm ^) 



FIG. 7: Reflection from the Schottky barrier under optical 
excitation, (a) The band diagram. Electrons are taken to be 
excited homogeneously in space, including in the depletion re- 
gion, (b) The spin reflection asymmetry as a function of semi- 
conductor doping n and Schottky barrier height Uh, keeping 
the applied bias at = 0. (c) The spin reflection asymmetry 
as a function of semiconductor doping n and applied bias V, 
keeping the Schottky barrier height fixed at Uh ~ 0.7 eV. 



For a fixed doping, the reflected spin polarization can 
be tuned depending on the applied bias. However, it is 
much easier to get high polarization for one sign of po- 
larization than the other (in Fig. ISfb), the polarization 
is maximum above the change of sign, but is very nearly 
zero below the change of sign for low doping). 



C. Special effects of optical excitation 

Optical pumping creates special effects in spin reflec- 
tion at a Schottky barrier not seen under electrical injec- 
tion. In the latter case, non-equilibrium electrons are 
injected close to the Fermi level far from the barrier 
whereas optical excitation creates electrons everywhere 
in the semiconductor, including in the space charge re- 
gion. This has a profound effect on the net spin polariza- 
tion because not all electrons will see the same effective 
barrier height. Electrons very near the interface will see 
a much smaller Schottky barrier than electrons pumped 
far away from the interface. Since the electrons closest to 
the interface see a smaller and narrower barrier, they will 
couple to the ferromagnet much more efficiently, so that 
the polarization is dominated by these electrons. This 
effect is quantitatively very important because of the ex- 
ponential dependence of the tunnelling coupling on the 
barrier height and width. The results of optical excita- 
tion are averaged over the different barrier heights. 
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To fully grasp the difference between optical and elec- 
trical excitation, we attempt to quantify the optical ef- 
fect. First, we assume that the electrons are pumped ho- 
mogeneously in the space charge region (no contribution 
from the bulk region is included). In the experiment,^* 
the semiconductor is thin enough for this to be approx- 
imately correct. The laser bandwidth is taken to be ap- 
proximately 10 meV (the typical bandwidth of a pulsed 
laser in time- resolved pump-probe experiments). We cal- 
culate the reflection for a Gaussian distribution of elec- 
tron energies for each coarse-grained spatial neighbor- 
hood in the space charge region. We then average these 
effects over the different barrier heights due to the ho- 
mogeneous pumping along the space charge region (see 
Fig. Eta)). 

Results for the spin refection difference — |r+|^ 

from unpolarized excitation are shown in Fig. C{b) as a 
function of doping and Schottky barrier height keeping 
the bias at = 0. Compare the plot with the case of ex- 
citation at the Fermi level, Fig.^fb). There is not much 
change for the low barrier region because the electrons 
pumped high in the barrier do not see a drastically dif- 
ferent barrier from the electrons pumped farther away. 
On the other hand, at high barrier heights, there are 
drastic changes. The change of sign of the polarization 
disappears for low doping concentrations. In the case of 
electrical excitation, at a high barrier all the electrons 
see a very high and thick barrier which allows for very 
little tunnelling. In the case of optical pumping, there 
are some electrons pumped high in the barrier which see 
a very small barrier and are efficiently coupled to the 
ferromagnet. The polarization at low barrier is of oppo- 
site sign to the polarization at high barrier, but, since 
the coupling for low barrier is so much more efficient, it 
dominates and the change of sign disappears. 

Figure [TJc) shows the spin reflection difference at a 
constant Schottky barrier height, Uh = 0.7 eV, and 
varying doping and applied bias. In comparison with 
Fig. inib) , the optical excitation drastically changes the 
qualitative aspects of the spin reflection difference. For 
low doping, the change of sign as a function of bias has 
been pushed down to negative bias for the same reason 
as the disappearance of the change of sign in Fig.jTJb) for 
low doping. The spin reflection difference is dominated 
by the electrons pumped high in the barrier, which have 
the opposite sign of polarization compared with the elec- 
trons near the Fermi level in the semiconductor. 

There is a caveat to these special effects. A more re- 
alistic model would use an electron wavepacket to reflect 
off the interface in order to account for the signiflcant 
scattering due to efflcient optical phonon emission. The 
electrons pumped high in the barrier would be in a region 
with almost no background electron density, so that the 
spin lifetime may be shorter than the lifetime outside the 
depletion region. Our purpose here is to point out that 
electrical and optical experiments can give inconsistent 
results if it is assumed that the underlying mechanism 
is exactly the same in both cases. Electrically excited 
electrons stay close to the Fermi level, while optically ex- 



cited electrons exist all over the barrier. The pumping 
in the barrier drastically alters the spin reflection differ- 
ence which would be observed in in experiments on the 
interface, and hence care must be taken when comparing 
optically excitation experiments with electrical injection 
experiments. In particular, the optically excited elec- 
trons pumped high in the barrier can have different sign 
of polarization to electrons lower in the barrier, making 
it difficult to compare polarizations from experiments in- 
volving optical versus electrical injection. 



V. CONCLUSIONS 

We have examined the electronic properties associated 
with semiconductor electrons that are in proximity with 
a ferromagnet. Instead of focusing on the injection of fer- 
romagnet electrons into the semiconductor through the 
interface, we have instead chosen to look at the proper- 
ties of semiconductor electrons that can interact with a 
ferromagnetic epilayer. We have focused on the reflection 
of non-equilibrium electrons from the interface. 

For doped semiconductors with ferromagnetic epilay- 
ers, we have calculated the spin-dependent reflectivities 
for electrons incident on the Schottky barrier from the 
semiconductor. We find that the shape of the barrier has 
a large impact on the asymmetry between reflection for 
the two spin channels, and signiflcantly that the sign of 
the difference can change depending on the system pa- 
rameters. We have included calculations that mimic the 
behavior of optical excitation, which can radically affect 
the spin reflection difference. The ability to control the 
sign and magnitude of the spin polarization by tuning the 
properties of the Schottky barrier (through the semicon- 
ductor doping or through an applied bias, for example) 
may be useful for device design. 

In contrast to spin injection from a ferromagnet into 
a semiconductor, spin reflection has the advantage that 
the processes are kept in the semiconductor. For carri- 
ers confined near the interface, multiple reflections from 
the interface can enhance the single-reflection spin asym- 
metry, yielding larger polarizations. Such reasoning has 
led us to propose a spin- valve device with ferromagnetic 
gates.-3fl. A detailed study of the coupling of the equilib- 
rium and transport properties of a confined semiconduc- 
tor electron system in contact with the ferromagnet will 
be the subject of another long paper. 
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